Sixteen isolates of Gram-reaction-negative, motile, violet-pigmented bacteria were isolated from Sphagnum bogs in West Virginia and Maine, USA. 16S rRNA gene sequences and fatty acid analysis revealed a high degree of relatedness among the isolates, and genome sequencing of two isolates, IIBBL 14B-1 T and IIBBL 37-2 (from West Virginia and Maine, respectively), revealed highly similar genomic sequences. The average nucleotide identity (gANI) calculated for these two isolates was found to be in excess of 99 %, but did not exceed 88 % when comparing either isolate with genomic sequences of Chromobacterium violaceum ATCC 12472 
Bacteria of the genus Chromobacterium are best known for the production of the purple pigments violacein and deoxyviolacein. Since 2007, the genus has expanded from a single species, Chromobacterium violaceum, to include Chromobacterium subtsugae [1] , C. aquaticum [2] , C. haemolyticum [3] , C. piscinae [4] , C. pseudoviolaceum [4] , C. vaccinii [5] , C. amazonense [6] and C. rhizoryzae [7] . Among these newly described species, C. subtsugae and C. vaccinii were found to produce insecticidal factors in culture [1, 8] , and C. subtsugae has been utilized as the basis for a commercial organic insecticide (Grandevo, Marrone BioInnovations).
To further investigate their potential for insect control applications, we obtained isolates of members of the genus Chromobacterium from a variety of aquatic habitats and screened them for insecticidal properties. Described here is a group of highly related isolates obtained from Sphagnum bogs in West Virginia and Maine, USA, whose cultures were found to be toxic to several lepidopteran insect species. Two measures of average nucleotide identity (ANI) were computed using whole-genome sequences produced for two of the isolates and genomic sequence data for other known species of the genus Chromobacterium; both approaches unambiguously indicated that the isolates represent a novel species of the genus Chromobacterium.
Bacteria were isolated from water samples collected from Sphagnum bogs in the Red Creek Plains near Laneville, WV, USA, on 20 August 2012 and near Poland, ME, USA, on 21 June 2013. Bacteria were isolated and maintained on a selective solid medium modified from Bennet's agar with neomycin (BAN) [9] , consisting of 1 g yeast extract (Bacto; Becton Dickinson), 3 g nutrient broth (Bacto), 10 g glucose (Sigma-Aldrich) and 18 g agar (Bacto) per litre (nutrient broth was used in lieu of beef extract and casein hydrolysate). After this mixture was autoclaved and allowed to cool to 55 C, sterile-filtered solutions of the antibiotics neomycin (Bio-Serv) and cycloheximide (Sigma-Aldrich) were added to make a final concentration of 50 mg l À1 for each antibiotic. A liquid version of this medium was prepared for some experiments by omitting the agar. Unless otherwise stated, this medium was utilized. Thirty microlitres of each environmental sample was spread on a 100 mm plate. Plates were incubated at 24 C for 48 to 72 h. Colonies of possible members of the genus Chromobacterium were selected based on violet coloration and morphology. Isolates were sub-cultured until pure cultures were obtained and restreaked thereafter at weekly intervals. By this method, 16 isolates were obtained; four from the West Virginia site (IIBBL 14B-1  T , IIBBL 14B-4, IIBBL 14B-5 and IIBBL 14B-6)  and 12 from the Maine site (IIBBL 36-1, IIBBL 36-2, IIBBL 36-3, IIBBL 36-4, IIBBL 36-5, IIBBL 36-6, IIBBL 37-1, IIBBL  37-2, IIBBL 37-3, IIBBL 37-4, IIBBL 37-5 and IIBBL 37-6) . It was not uncommon for isolates to give rise periodically to a small number of white colonies. When propagated, these white variants have not been observed to revert to the violet phenotype. Isolates IIBBL 14B-1 T and IIBBL 37-2, grown overnight in liquid medium, were observed to be motile when viewed at Â1000 magnification on a Nikon Eclipse 600 microscope equipped with differential interference contrast optics. Transmission electron microscopy of isolate IIBBL 14B-1 T , negatively stained with 0.125 % phosphotungstic acid and viewed on a Hitachi HT-7700 at 80 kV, revealed that most cells possessed a single polar flagellum, with 2-6 lateral or subpolar flagella (Fig. S1 , available in the online Supplementary Material). Cells measured 2.3 ±0.37 by 0.78±0.10 µm (means±SD). Cursory sequencing of PCR-amplified 16S rRNA genes, performed as described previously [1] , indicated that the isolates had identical or nearly identical sequences.
To investigate the effect of temperature on growth, isolates of IIBBL 14B-1 T and IIBBL 37-2 were sub-cultured on L agar (10 g tryptone, 5 g yeast extract, 5 g NaCl and 10 g agar l
À1
). After 48 h at 24 C, cells were harvested with 15 ml of sterile water, using a vortex mixer to break up clumps within the suspension. This suspension was then used to perform serial dilutions aimed at determining temperature ranges suitable for growth. Plated dilutions of IIBBL 14B-1 T and IIBBL 37-2 were incubated at 10, 15, 20, 30, 40 and 45 C. Colony forming units were counted and recorded at 72 h. Plates which had no growth at the lower temperatures were further incubated at 24 C for another 48 h to determine if cells remained viable despite no visible colonies forming. Neither isolate grew at 10 or 45 C, but both grew at 15 and 40 C, with apparent optimum growth at 30 C. Plates incubated at 10 C, which displayed no growth after 72 h, did not display growth after an additional 48 h at 24 C. The lack of growth at 10 C was somewhat surprising, given the relatively cool environments the bacteria were isolated from. The effect of pH and salt on the growth of isolate IIBBL 14B-1 T was performed by adjusting the pH or salt content of L medium (10 g tryptone, 5 g yeast extract and 5 g NaCl l
); cultures were grown on an orbital shaker at 150 r.p.m. and 25 C. Growth was observed at pH 4.5 but not at pH 4.0, and at pH 9.0 but not at pH 9.5; IIBBL 14B-1 T grew well with 2.0 % NaCl, but not at all with 2.5 % NaCl. Isolates IIBBL 14B-1 T and IIBBL 37-2, streaked on L agar, exhibited slight unpigmented growth after 5 days under the microaerobic conditions produced by an Oxoid AnaeroGen apparatus. Upon removal to atmospheric conditions, the colonies grew normally and produced pigment.
Biochemical profiling of isolates IIBBL 14B-1 T , IIBBL 37-2 and IIBBL 36-2 using API20NE tests (bioM erieux) revealed that all three were positive for reduction of nitrate, arginine dihydrolase, gelatin hydrolysis (protease) and the assimilation of glucose, N-acetylglucosamine and potassium gluconate. The two isolates from Maine, IIBBL 37-2 and IIBBL 36-2, assimilated capric acid, while IIBBL 14B-1 T did not. All three isolates tested negative for indole production, glucose fermentation, urease, aesculin hydrolysis, b-galactosidase, and the assimilation of arabinose, mannose, mannitol, maltose, adipic acid, malate, citrate and phenylacetic acid. Tests that appear useful for differentiating species of the genus Chromobacterium, based on the current and previous studies, are presented in Table 1 . Growth on egg yolk agar indicated that isolates IIBBL 14B-1 T and IIBBL 37-2 produced lipase and protease, and were weakly positive for lecithinase. Growth of both isolates on 5 % sheep's blood in L agar indicated very weak haemolytic activity, observable after 1 week.
Antibiotic discs (BBL Sensi-discs, Becton Dickson) were used to determine the resistance of IIBBL 14B-1 T and IIBBL 37-2 to antibiotics commonly used in selective media. Isolates were streaked for maximum growth and coverage onto L agar plates. Pre-treated Sensi-Discs were immediately placed on the surface of the streaked plates, with only four discs on each plate to allow for potentially large inhibition zones. Plates were then incubated at 24 C for 48 h before inhibition zone diameters were measured. Both isolates were found to be highly resistant to penicillin (no bacteriostatic effects), and resistant to streptomycin and neomycin (mildly bacteriostatic). Both isolates were susceptible to erythromycin, chloramphenicol, kanamycin, tetracycline and novobiocin. Results are summarized in Table S1 . [6] ; 5, C. subtsugae (data from current study); 6, C. aquaticum [2] ; 7, C. piscinae [4] ; 8, C. pseudoviolaceum [4] ; 9, C. haemolyticum [3] ; 10, C. vaccinii [5] ; 11, C. amazonense [6] ; 12, C. rhizoryzae [7] . NA, Not available. Violacein production Table 2 . Fatty acid profiles for all 16 isolates are presented in Table S2 . Bacteria used for the determination of polar lipid profiles and respiratory quinones were grown on L agar. The major polar lipids of IIBBL 14B-1 T were phosphatidylethanolamine and diphosphatidylglycerol, with lesser amounts of phosphatidylglycerol (Fig. S2) ; the primary respiratory quinone was ubiquinone Q-8 (93 %), with traces of Q-7 (3 %).
Genomic sequencing of isolates IIBBL 14B-1 T , IIBBL 37-2, C. vaccinii IIBBL 21-1 and C. amazonense CBMAI 310
T ) for the current study was performed using the Single Molecule, Real-Time (SMRT) technology developed by Pacific Biosciences on a PacBio RS II instrument [10] . Assembly was performed using the HGAP2 workflow as implemented in version 2.3.0 of the PacBio SMRT Analysis software suite [11] . Raw sequencing data and wholegenome assemblies for IIBBL 14B-1 T and IIBBL 37-2, C. vaccinii IIBBL 21-1, as well as C. amazonense CBMAI 310 T (=DSM 26508 T ) are available at the NCBI under BioProject accession numbers PRJNA342529, PRJNA342531, PRJ NA342532 and PRJNA342530, respectively. Assembly statistics for these projects are available in Table S3 .
Genomic sequencing of isolates IIBBL 14B-1 T and IIBBL 37-2 revealed that they, like members of other species of the genus Chromobacterium, possess eight copies of the 16S rRNA gene. Using the C. violaceum ATCC 12472 T 16S rRNA gene sequence (GenBank: NR_074222.1) to delimit those of isolates IIBBL 14B-1 T and IIBBL 37-2, the sequences of the two isolates were found to differ at two positions: nucleotide 448 was found to be T for isolate IIBBL 14B-1 T and C for isolate IIBBL 37-2, while nucleotide 1444 was C for isolate IIBBL 14B-1 T and could be either T (5 instances) or C (3 instances) for isolate IIBBL 37-2. Homologous recombination among the eight 16S rRNA genes could provide a mechanism that tends to purge point mutations as they occur. Hence, phylogenetic distances between species of the genus Chromobacterium based on 16S rRNA gene sequences may generally be underestimated. In the current study, selected 16S rRNA gene sequences of species of the genus Chromobacterium were aligned using CLUSTAL W [12] and analysed by the maximum-likelihood method (Kimura 2-parameter substitution model) using the MEGA7 software suite [13] . Bootstrap values were calculated for 1000 replications. Such an analysis, including isolates IIBBL 14B-1 T and IIBBL 37-2 (with T at nucleotide 1444), suggested that among known species of the genus Chromobacterium, isolates IIBBL 14B-1 T and IIBBL 37-2 are most closely related to C. subtsugae (Fig. 1) , with the 16S rRNA gene sequences of isolate IIBBL 37-2 differing from those of C. subtsugae MWU3525 by only five of 1474 nucleotides (99.66 % identity). For perspective, the extent of the 16S rRNA gene sequence variation between C. subtsugae PRAA4-1 T and C. subtsugae MWU3525 was also found to be five nucleotides.
Two distance measures were utilized to assess strain relatedness based on whole-genome sequence data. The first, BLAST-based average nucleotide identity (ANIb), was performed using the JSpecies program [14] , which in turn leverages BLAST [15] as its sequence comparison engine; this measure considers similarity as a function of all genome sequence data available between a pair of genomes. The second measure, genome-wide average nucleotide identity (gANI), considers similarity between sets of protein-coding sequences contained in the genomes [16] . For gANI, protein-coding-gene identification was performed in a preprocessing step using the prokaryotic gene finder, Prodigal [17] , and distances were then computed using version 1 of the ANIcalculator software [16] . Similarity measures calculated under both approaches were subtracted from 100 % to produce distances, and these were used as inputs to the neighbour-joining phylogeny reconstruction method implemented in Phylip's neighbour program [18, 19] . Although both measures generated asymmetric distance matrices, results obtained using upper versus lower triangles were only negligibly different (results not shown); lower triangles were arbitrarily selected for use as inputs.
Phylogenetic analysis of isolates IIBBL 14B-1 T and IIBBL 37-2 by whole-genome alignment with available genomes of members of the genus Chromobacterium was found to support the associations found by comparing 16S rRNA gene sequences. As with the maximum-likelihood analysis of 16S rRNA gene sequences, both gANI-and ANIb-based comparisons indicated that C. subtsugae was the taxon most closely related to isolates IIBBL 14B-1 T and IIBBL 37-2 ( Table 3, Fig. 2) . However, in contrast to the exceedingly small differences found between C. subtsugae 16S rRNA gene sequences and those of IIBBL 14B-1 T and IIBBL 37-2, ANI values plainly demonstrated that the two novel isolates do not represent C. subtsugae.
Based on the extensive survey prepared by Goris et al. [20] , the ca. 88 % ANIb found by comparing genomes of either novel isolate with those of C. subtsugae (Table 3) suggest classical DNA-DNA hybridization values of between 30 and 40 % would be obtained. In the current study, ANI could not be used to compare IIBBL 14B-1 T or IIBBL 37-2 with C. aquaticum, C. rhizoryzae or C. pseudoviolaceum because genomic sequence data is not yet available for these species. However, ANIb values comparing IIBBL 14B-1 T or IIBBL 37-2 with the near-neighbours of these missing taxa, based on 16S rRNA gene sequences, indicate that it is exceedingly unlikely that IIBBL 14B-1 T or IIBBL 37-2 could be representatives of one of the species left out of the analysis. In addition, the genomic sequence of C. piscinae ND17 used here, and its associated 16S rRNA gene sequence, suggest that this strain is more closely related to C. amazonense than to C. piscinae.
The high degree of similarity found in ANI comparisons of IIBBL 14B-1 T and IIBBL 37-2 (ANIb and gANI of 98.72 and 99.49 %, respectively) indicates that they belong to the same taxon. The fact that these bacteria were isolated from very similar habitats separated by nearly 1000 km suggests C, but not at 10 or 45 C. Grows in L medium at pH 4.5 and 9.0, but not at pH 4.0 or 9.5; grows in L medium with 2.0 % NaCl, but not with 2.5 % NaCl. Reduces nitrate to nitrite, produces arginine dihydrolase, lipase and protease, and assimilates glucose, N-acetylglucosamine and potassium gluconate. Does not produce indole, urease, b-glucosidase or b-galactosidase. Does not ferment glucose, or assimilate arabinose, mannose, mannitol, maltose, citrate, adipic acid, capric acid (type strain), malate or phenylacetic acid. The predominant fatty acids are the combined C 16 : 1 !7c/C 16 : 1 !6c, C 16 : 0 and C 18 : 1 !7c. The major polar lipids were phosphatidylethanolamine and diphosphatidylglycerol with lesser amounts of phosphatidylglycerol; Chromobacterium vaccinii IIBBL 21-1 (GCA_001855275.1)
Chromobacterium vaccinii MWU328 (GCA_000971355.1)
Chromobacterium haemolyticum T124 (GCA_000758475.1) Fig. 2 . Neighbour-joining phylogeny of selected genomes of members of the genus Chromobacterium based on gANI. gANI values were subtracted from 100 % to obtain distances used to reconstruct the phylogeny. Bar, distance of 2 % in gANI.
the principle respiratory quinone was ubiquinone Q-8 with traces of Q-7. Resistant to penicillin, and the aminoglycoside antibiotics streptomycin and neomycin. Average nucleotide identities with other species of the genus Chromobacterium, based on genomic sequencing, do not exceed 88 %. Cultures are toxic to lepidopteran insect larvae.
The type strain is IIBBL 14B-1 T (=NRRL B-67130 T =JCM 31882 T ), isolated from a Sphagnum bog in the Red Creek Plains near Laneville, WV, USA. The DNA G+C content of the type strain is 63.4 % as determined by genomic sequencing.
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